Herrero JL, Khuvis S, Yeagle E, Cerf M, Mehta AD. Breathing above the brain stem: volitional control and attentional modulation in humans. Whereas the neurophysiology of respiration has traditionally focused on automatic brain stem processes, higher brain mechanisms underlying the cognitive aspects of breathing are gaining increasing interest. Therapeutic techniques have used conscious control and awareness of breathing for millennia with little understanding of the mechanisms underlying their efficacy. Using direct intracranial recordings in humans, we correlated cortical and limbic neuronal activity as measured by the intracranial electroencephalogram (iEEG) with the breathing cycle. We show this to be the direct result of neuronal activity, as demonstrated by both the specificity of the finding to the cortical gray matter and the tracking of breath by the gamma-band (40 -150 Hz) envelope in these structures. We extend prior observations by showing the iEEG signal to track the breathing cycle across a widespread network of cortical and limbic structures. We further demonstrate a sensitivity of this tracking to cognitive factors by using tasks adapted from cognitive behavioral therapy and meditative practice. Specifically, volitional control and awareness of breathing engage distinct but overlapping brain circuits. During volitionally paced breathing, iEEG-breath coherence increases in a frontotemporal-insular network, and during attention to breathing, we demonstrate increased coherence in the anterior cingulate, premotor, insular, and hippocampal cortices. Our findings suggest that breathing can act as an organizing hierarchical principle for neuronal oscillations throughout the brain and detail mechanisms of how cognitive factors impact otherwise automatic neuronal processes during interoceptive attention.
INTRODUCTION
A wealth of historical literature has focused on automatic breathing driven by brain stem structures (Butler 2007; Tenney and Ou 1977) with more recent interest in cortical involvement (Feldman et al. 2013) . While motor cortex stimulation elicits diaphragmatic contraction at expected somatotopic loci (Başar et al. 2000; Bruce and Ackerson 1986; Foerster 1936; Gandevia and Rothwell 1987) , the fact that the rate of breathing can be influenced by stimulation of the hippocampus, amygdala, and insula Harper 1989, 1990; Harper et al. 1998; Kaada and Jasper 1952) suggests a more complex breathing circuitry above the brain stem level. Scalp EEG (Fumoto et al. 2004; Vialatte et al. 2009 ), transcranial magnetic stimulation (TMS; Locher et al. 2006) , and neuroimaging studies (Evans et al. 1999; McKay et al. 2002) , albeit with limited spatial and temporal resolution, have implicated premotor, motor, and supplementary motor cortices in the voluntary control of breathing. More direct electrophysiological measures in rodents show local field potential (LFP) oscillations in hippocampus (Nguyen Chi et al. 2016; Tsanov et al. 2014) , and the barrel (Ito et al. 2014 ) and prefrontal cortices (Biskamp et al. 2017) to closely track the inhalation-exhalation cycle. This link between LFP oscillations and the breathing cycle can be tracked with high temporal resolution by measuring their coherence.
The human intracranial EEG (iEEG) provides information regarding neuronal activity with high (~5 mm) spatial and millisecond temporal resolution and may be recorded in the special circumstance of invasive monitoring for epilepsy surgery (Miller et al. 2012; Zhang et al. 2015) . In these clinical protocols, patients with partial epilepsy, where much of the brain is relatively normal, undergo invasive electrode sampling to define pathological regions. In these circumstances, it is possible to record from relatively normal brain regions, because much of the sampled regions lie within relatively normal cortex that lie outside of the seizure onset zone (SOZ) either for the purpose of functional mapping or to rule out their participation in the network of areas participating in seizures (Borchers et al. 2011; Hamberger et al. 2014 ). This provides a unique window into human brain physiology, one which we can use to study cortical control of breathing. With the use of these methods, recent reports have demonstrated a correlation between the breathing cycle and iEEG oscillatory phenomena in limbic and neocortical areas during natural breathing (Heck DH, McAfee SS, Liu Y, Babajani-Feremi A, Rezaie R, Freeman WJ, Wheless JW, Papanicolaou AC, Ruszinko M, Kozma R, unpublished observations; Heck et al. 2017; Zelano et al. 2016 ). However, a detailed survey of effects across multiple intracranial sites has not been conducted. To provide further description of this circuitry, we tested for iEEG synchronization to breathing throughout a wide base of sampling across limbic and cortical areas.
Whereas memory retrieval and fear discrimination appear to be sensitive to respiratory phase, and nasal breathing produces a greater deal of iEEG coherence than mouth breathing (Zelano et al. 2016) , task-dependent dynamics of this coherence with respect to attention and volitional control have not been explored (see Krupnik et al. 2015 for a related psychophysical study). Such tasks are commonly used in therapeutic practices as an effort to gain interoceptive attention and control. To gain better insight into neurophysiological mechanisms engaged in these processes, we examined the areal specificity of the change in iEEG-breath coherence while subjects performed tasks aimed at controlling the pace of the respiratory rate or increasing awareness to the respiratory cycle. Given extensive brain sampling that included frontal cortex, limbic structures, and the insula, structures known for their involvement in behavioral planning and interoceptive monitoring of body states, we expected to observe increased coherence during both tasks in these structures (Chan et al. 2015; Craig 2003a; Farb et al. 2013) .
Finally, whereas oscillatory activity in the iEEG likely reflects mainly neuronal contributions, it is possible that chemical/mechanical artifacts that also follow the breathing cycle may contribute to the recorded signals (Brenner and Schaul 1990; Cardoso et al. 1983; Urigüen and Garcia-Zapirain 2015) . To distinguish neuronal contributions from potential artifacts, we demonstrated that these effects are selective to gray matter vs. white matter and cerebrospinal fluid (CSF) spaces, all of which may be sampled by using depth electrodes in stereoelectroencephalography (sEEG) procedures. To further rule out potential artifactual contamination and distinguish locally generated from propagated activity, we examine the iEEG-breath cycle coherence of the iEEG gamma-band envelope, a proxy of local neuronal firing (Miller et al. 2007a (Miller et al. , 2010b .
MATERIALS AND METHODS
Subjects and ethics statement. Eight adults (4 women) with pharmacoresistant focal epilepsy were included in this study. All subjects underwent chronic intracranial EEG (iEEG) monitoring at North Shore University Hospital to identify epileptogenic foci in the brain for later removal. Six subjects participated in initial experiments: five were implanted with stereoelectroencephalographic (sEEG) depth arrays (PMT, Chanhassen, MN) and one, with grid and strip arrays (see Fig. 1 ). See Table 1 for additional details on the anatomical region in which each electrode contact was located, following Free-Surfer automated parcellation (Fischl et al. 2004) . A total of 1,137 electrodes from 6 patients were included in the analysis of natural breathing (see . An additional two subjects participated in the last (arousal) experiment, all implanted with sEEG depth arrays. Electrodes showing any sign of abnormal epileptiform discharges, as identified in epileptologists' clinical reports, were excluded from the analysis. All included iEEG time series were manually inspected for signal quality and were free from interictal spikes. Respiration traces were also manually inspected and excluded if unstable. All research protocols were approved and monitored by the institutional review board at the Feinstein Institute for Medical Research, and informed written consent to participate in research studies was obtained from each subject before implantation of electrodes. The decision to implant, the electrode positions, and the timing of the electrode-removal procedure were made entirely on clinical grounds, without reference to this investigation.
Whereas the proposed studies are carried out in subjects who have brain abnormalities, their physiology is generalizable to nonpathological human brains because 1) all subjects included in this study had partial epilepsy, in which electrographic abnormalities were restricted to one portion of the brain; 2) a large subset of the electrodes (~90%) were implanted into normal brain areas to identify functional areas and other areas to exclude from surgical resection; 3) electrodes lying within pathological areas were excluded from all analyses; and 4) all eight patients had Full Scale IQ scores within the average range (Ͼ90) with spared attention, short-term memory, and interoceptive abilities, according to preoperative neuropsychological testing (NIH Toolbox; 12  3  Fusiform  15  5  Temporal-middle  114  5  Temporal-inferior  43  4  Temporal-superior  93  6  Supramarginal  17  4  Transverse temporal  26  4  White matter  319  5  CSF  10  5  Total  1,137  6 Shown are the locations of all electrodes (n ϭ 1,137 electrodes in 6 patients) included in the analysis of natural breathing after FreeSurfer parcellation (Fischl et al. 2004) , the number of electrodes in each area, and the number of subjects contributing to each area. Electrodes showing any sign of abnormal epileptiform discharges were excluded from the analysis. Asterisks indicate electrode locations after FreeSurfer parcellation correction; these electrodes were automatically assigned to orbitofrontal cortex and/or the pars orbitalis region by FreeSurfer parcellation in the ventral aspect of the frontal lobe. Assignment to piriform cortex or olfactory bulb was based on visual inspection of the postimplantation MRI and CT scans (see MATERIALS AND METHODS). Gershon et al. 2013) . The present study was carried out during the approximately 2-wk period following admission into the epilepsy monitoring unit for clinically indicated seizure-capture and mapping of sensorimotor and cognitive function.
Data collection and preprocessing. In six subjects, iEEG signals were acquired continuously at 3 kHz per channel (16-bit precision, range Ϯ8 mV, DC) with a Tucker Davis PZ5M data acquisition module (Tucker Davis Technologies, Alachua, FL). In the other two subjects, a standard clinical recording system (XTELK EMU 256 LTM System; Natus Medical) was used, sampling at 512 Hz. iEEG data from both systems were extracted similarly by bandpass filtering (8-pole Butterworth filter, cutoffs at 0.01 and 300 Hz), and similar results were obtained across systems. Either subdural or skull electrodes were used as references, as dictated by recording quality at the bedside, and were subsequently re-referenced to a common average to ensure consistency across participants and to reduce line noise. We inspected the power spectrum of the signals online before the start of the experiment to ensure its physiological properties.
The breathing cycle was assessed simultaneously by configuring a custom piezoelectric manometer within a nasal cannula device and recorded with the iEEG record for subsequent offline analysis. Subjects were not informed of the purpose of the cannula (i.e., they were simply asked to place it in the correct position before the start of the study). After the subjects firmly fixed the device in place, a 3-min period was allowed to get accustomed to wearing it. In the breathcounting experiments, the natural breathing blocks were run before the breath-counting blocks, to ensure that subjects did not attend to their breath more than usual during the natural breathing condition.
Experimental tasks. In the natural breathing experiment (see Figs. 2-6), subjects were instructed to rest wakefully (with their eyes open) during an 8.5-min period. We refer to natural breathing as the spontaneous or autonomic breathing of the subject when no cognitive task is performed. In the volitional breathing experiment (see Fig. 8 ), subjects were asked to slightly increase their nasal breathing rate from natural breathing. Subjects alternated between 2.5-min blocks of natural breathing and faster breathing (8 blocks total, 4 in each condition). We discarded the first 30 s of each block from the analysis, because the breathing rate usually became more regular after that initial period. Respiration signals were smoothed with a moving average filter and DC offset-corrected using standard MATLAB functions ("smooth.m" with a 10-point moving average window, and "detrend.m," respectively). All blocks were visually inspected, and those with unstable respiration signals (e.g., containing low signal-tonoise ratio or brief periods of absent signal due to mouth respiration) were discarded. Remaining blocks were concatenated within each condition before coherence analysis (8-min total per condition). In the attention-to-breath (interoceptive) experiment (see Figs. 9 and 10), subjects were asked to count their breaths for periods of 2 min (8 blocks total), reporting their counts after each period (Levinson et al. 2014) . A 30-s resting interval was given between blocks. Accurately reported blocks, where subjects correctly reported the number of breaths within Ϯ1 breath, were compared with inaccurately reported blocks. The experiment was continued until four blocks of each condition (correct and incorrect) were collected. In total, subjects completed 36 correct blocks (median ϭ 6, range ϭ 5-7) and 25 incorrect blocks (median ϭ 4, range ϭ 4 -5). In the attention-to-external-stimuli (exteroceptive) experiment (see Fig. 10A ), a task adapted from sustained attention and vigilance paradigms was used (Greicius et al. 2003; Kajimura and Nomura 2015, Leth-Steensen et al. 2000) . Subjects viewed a screen containing four circles at different fixed locations while wearing the spirometry apparatus. After 10 s, the center of a randomly assigned circle turned from black to white. Subjects were asked to press one of four corresponding keyboard keys to indicate which circle filled, as quickly and accurately as possible.
Coherence and power analysis. To calculate coherence between the iEEG and the breathing signals (iEEG-breath coherence), we computed the cross-spectrum. The magnitude of the cross-spectrum was squared, normalized by the power spectra of each signal at each respective frequency, and smoothed (Mitra and Pesaran 1999) . Each 8-min data set was divided into overlapping 32-s windows (1/ 32 ϭ 0.03-Hz resolution, sliding 5 s at a time). Statistical significance was evaluated by creating surrogate trials. The iEEG signal was shuffled with respect to the breathing signal (1,000 iterations) by circularly shifting the signals through consecutive random displacements, and the critical levels of the pointwise Wilcoxon-Mann-Whitney tests at each frequency were computed (see dashed magenta lines in Figs. 2C and 8A; ␣ ϭ 0.01). To calculate the breathing rate, the instantaneous frequency of the breathing signal was computed using a short-time Fourier transform. Computing the breathing rate by averaging the time between peaks in inhalation rate gave similar results. To ensure that the breathing signal was as stationary as possible, we excluded the initial 30 s from each block, because breathing rates usually stabilized within that time. All included breathing segments were also visually inspected to ensure signal quality. After computing iEEG-breath coherence values for all frequencies, we extracted the coherence value at the respiratory rate (see dashed green lines in Fig. 2C ). Only the peak coherence at the respiratory rate was considered for further analysis. Coherence values at frequencies different from the respiratory rate were not considered in this study because breath manometry transduction is nonlinear, and higher-order components of the resultant signal (e.g., harmonics of the respiration signal and other mechanical artifacts that may appear in its power spectrum) are not necessarily reflective of physiological properties of the breath. For comparison, we also calculated coherence values with other methods, such as use of the wavelet transform ("globalcoher.m" function in MATLAB; The MathWorks, Natick, MA) and multitaper ("coherency.m" function in the Chronux toolbox; Mitra and Pesaran 1999) . The results were nearly identical (data not shown). To determine the significance threshold for coherence among electrodes (e.g., see dark gray area in Fig. 3B ), we used the 99% confidence interval (upper bound) of the averaged shuffled coherence across electrodes. Other methods to calculate a significance threshold (e.g., using the P-value method derived from the real data, which was well fitted by a bimodal distribution, P Ͻ 0.05, Hartigan's significance test) yielded similar results.
The critical value in Fig. 8C (thick red line) was calculated with bootstrapping statistics. First, iEEG and breathing signals for each electrode and condition (breathe normally vs. faster) were randomly shuffled (1,000 iterations). Second, coherence values were calculated for each iteration and then averaged to give rise to a surrogate distribution. The red line represents the 95th percentile of the median of the surrogate data after smoothing with a window size of 0.1 Hz and a slide of 0.01 Hz. The time-frequency coherence spectrum between the respiration and iEEG signals (see Fig. 8B ) was computed using wavelets. To compute the difference in coherence values between breath-count correct and incorrect blocks (see Fig. 9B ), we subtracted the coherence at the respiratory rate in the incorrect blocks from that in the correct blocks for each electrode and then normalized by their sum for each subject separately (see Fig. 9C ). This normalization procedure was done to eliminate differences in overall coherence across subjects. To compare the alpha power between breathcount correct and incorrect blocks (see Fig. 9A , inset) alpha oscillations were extracted from the raw iEEG by bandpass filtering each 8-min data block between 8 and 13 Hz [150th-order finite impulse response (FIR) filter]. The instantaneous alpha-band amplitude was defined as the absolute value of the Hilbert transform of this signal. Data from each electrode were normalized (the difference in alpha power between conditions was divided by their sum), and the resultant distributions were compared using a Wilcoxon signed-rank test with a 95% confidence interval.
In the exteroceptive attention task (see Fig. 10A ), subjects completed 48 trials (~9 min, depending on reaction time). Coherence values were calculated as for the experiments described above. The initial and final~30-s segments were removed so that data windows were identical in length (8 min) across breathing conditions (exteroceptive-attention, breath-count correct and incorrect). Resultant coherence values from each condition were normalized by subtracting the coherence from the natural breathing condition and dividing it by its sum [e.g., (breath-count correct Ϫ natural)/(breath-count correct ϩ natural)]. Normalized coherence values were subjected to Kruskal-Wallis ANOVA test and subsequent post hoc Tukey's test comparisons (95% confidence interval). To determine if iEEG-breath coherence was affected by reaction time (see Fig. 10C ), time-frequency coherence spectrograms were computed for the entire data set (~9 min, 48 trials) using wavelets. Single-trial iEEG-breath coherence values were extracted from the time windows and frequencies of interest (e.g., the 0 -10 s before the subject's response at the respiratory frequency) for each electrode and plotted as a function of reaction time. Correlation and P values for Spearman's were computed using the exact permutation distributions.
To estimate differences in breathing rate across conditions (see Fig.  10F , bottom), the intervals between peaks of inhalation rate were measured and the resultant distributions compared using Wilcoxon rank sum tests with a 99% confidence interval. The same criterion was used for estimating differences in breathing amplitude across conditions, after the peaks of the respiratory signal were measured.
Phase-amplitude coupling analysis. To find, across all the brain regions sampled, those with relatively locally generated respirationrelated oscillations, gamma oscillations were extracted from the raw iEEG by bandpass filtering the raw iEEG data between 40 and 150 Hz (zero phase distortion and 150th-order FIR filter). The instantaneous amplitude of gamma was defined as the absolute value of the analytic signal as obtained by the Hilbert transform. To examine the coupling of the gamma amplitude to the breathing signal, the instantaneous phase of the breathing signal was extracted (angle value of the analytic signal) and binned in 18 segments (see Fig. 5B ). For each of these segments (or phase bins), we measured the corresponding gamma amplitudes and normalized the result using a modulation index (Tort et al. 2008 ). The resultant modulation index (MI) values were compared against surrogate MI values, which were obtained by shuffling the respiration phases with respect to their gamma amplitudes. By repeating the shuffling process 1,000 times, we could infer a MI chance distribution and obtain a significance threshold (P Ͻ 0.01) by calculating the proportion of surrogate MIs greater than real MIs. To determine the significance threshold for coherence among electrodes (see dark gray area in Fig. 5D ), we used the 99% confidence interval (upper bound) of the averaged shuffled coherence across electrodes.
Coupling of the respiratory phase to the gamma-band amplitude has previously been shown as a good indicator of intrinsic network activity (Ito et al. 2014) . In turn, coupling of the respiratory phase to the lower frequency bands (e.g., theta) can also reveal intrinsic local influences in specific brain regions (Zelano et al. 2016 ), but it is generally more heterogeneous across brain regions and subjects (Heck DH, McAfee SS, Liu Y, Babajani-Feremi A, Rezaie R, Freeman WJ, Wheless JW, Papanicolaou AC, Ruszinko M, Kozma R, unpublished observations; Heck et al. 2017 ) and can be more susceptible to distal influences (Lakatos et al. 2005) . Because of these reasons, frequency coupling of beta and theta oscillations was not analyzed in this study.
Electrode localization. Electrode positions were mapped to brain anatomy using registration of the postimplantation computed tomography (CT) to the preimplantation MRI via the postoperative MRI (Groppe et al. 2017) . The CT was first coregistered with the postimplantation structural MRI and subsequently, with the preimplantation MRI. The coregistration was done with automated alignment software using FSL's FLIRT (Jenkinson and Smith 2001; Jenkinson et al. 2002; Mehta and Klein 2010) . These transformation matrices were concatenated to register the CT to the preimplant MRI, thus accounting for the possibility of brain shift following implant surgery. After coregistration, electrodes were identified on the postimplantation CT scan using BioImage Suite (Papademetris et al. 2006) , and subdural grid and strip electrodes were snapped to the closest point on the reconstructed brain surface ) of the preimplantation MRI using MATLAB (Dykstra et al. 2012; Groppe et al. 2017) . We then used the FreeSurfer automated parcellation (Fischl et al. 2004) to identify the anatomical region in which each electrode contact was located (Table 1) , within~3-mm resolution (the maximum parcellation error of a given electrode to a parcellated area was Ͻ5 voxels/ mm). This parcellation method also localizes electrodes with respect to gray matter, white matter, and CSF with the same resolution. Electrodes with parcellation errors Ն5 voxels were excluded from the analysis. Due to lack of specificity of the FreeSurfer parcellation in the ventral aspect of the frontal lobe (Klein et al. 2017) , we visually inspected the coregistration of each electrode assigned to the orbitofrontal cortex (medial portion, n ϭ 55; lateral portion, n ϭ 25) and the pars orbitalis (n ϭ 9) using the patient's coregistered postimplantation MRI. From these, we identified 10 electrodes in the olfactory bulb and 9 in the piriform cortex. Verifying these localizations, high-frequency electrical stimulation of electrodes in the olfactory bulb resulted in perceptual report of a specific odor (2 patients reported a burning smell, 1 patient chlorine, and another perfume) during routine clinical functional mapping. Related MRI images were closely inspected and showed that the electrodes were sitting on top of the cribriform plate of the ethmoid bone (see Fig. 5A ). No lasting postoperative damage to olfactory perception was reported by any of the patients, which was expected given the smaller size of the electrodes compared with total olfactory bulb volume.
For visualization on the brain surface, electrodes were snapped to the nearest point on the FreeSurfer pial surface and plotted on the inflated brain. Electrodes were excluded from analysis if they lay within 5 mm from the pial surface in any direction (x, y, or z). To coregister depth electrodes to an average brain (FreeSurfer's fsaverage), we used an affine transform to MNI305 space. To coregister surface electrodes, we used the method described by Dykstra et al. (2012) and implemented in the iElVis toolbox (Groppe et al. 2017) : the patient's pial surface was warped to a sphere that FreeSurfer has gyrally aligned to a sphere version of the average brain's pial surface Fischl et al. 2004) . Each point on the patient's spherical surface was assigned to the nearest neighbor on the average brain spherical surface, in which each vertex corresponds to a vertex on the average brain pial surface. Figure 1A shows the CT scout of a typical sEEG implant, where iEEG signals were recorded from 231 contacts that lay outside the seizure onset zone. The number of contacts implanted per patient typically ranged from 100 to 250. Platinum sEEG electrode arrays were used in five patients (e.g., Fig. 1A ), and subdural strips and a grid were used in one patient ( Fig. 1B) . sEEG electrode arrays ranged from 8 to 16 intracranial contacts with 2.25 to 4.5-mm intercontact spacing, and grid and strip arrays were 1-3 mm in diameter with 4-to 10-mm center-to-center intercontact spacing.
RESULTS
Electrode sampling and task. Simultaneous recordings of iEEG and respiration were performed in six patients with medically refractory epilepsy. Patients were implanted with either sEEG depth ( Fig. 1A) or subdural electrocorticography (ECoG) grids and strip arrays (Fig. 1B) , and wore a custom spirometer attached to a nasal cannula to track their natural breathing cycle during an 8.5-min period. iEEG from a total of 1,137 electrode sites spanning deep and superficial brain areas were analyzed. Electrodes with epileptiform discharges were excluded from the analysis (see MATERIALS AND METHODS). Electrode sites were transformed to Desikan-Killiany parcellation space using custom scripts (Groppe et al. 2017) . Table 1 shows the electrode locations and the sampling across different regions of gray matter (n ϭ 809), white matter (n ϭ 318), and CSF (n ϭ 10).
Brain areas demonstrating coherence with breathing. Rodent studies have shown the hippocampus (Nguyen Chi et al. 2016; Tsanov et al. 2014 ) and somatosensory cortex (Ito et al. 2014 ) exhibit respiration-locked oscillations. To test for a similar effect in humans, we measured the phase locking between the iEEG and the breathing cycle (iEEG-breath coherence) for each electrode that was outside the SOZ (n ϭ 1137, 6 subjects). Subjects were asked to breathe naturally during an 8.5-min period. A sample spirometry trace (black line) and simultaneous iEEG signal (red line) from a single electrode in the hippocampus of one subject are shown in Fig.  2A , top, demonstrating an example in which low-frequency oscillations are strongly synchronized to the breathing cycle (coherence value coh ϭ 0.62, P ϭ 0.0001; Fig. 2C, bottom) . In contrast, an electrode located~1 cm away in the adjacent white matter ( Fig. 2A, bottom) showed no peak near the breathing rate in the iEEG trace spectrum, and a much smaller coherence value there (coh ϭ 0.02, P ϭ 0.44; Fig. 2C, bottom) .
Across the data set ( Fig. 3A) , 33% (374/1,137) of the sites analyzed showed high (Ͼ99th percentile of the surrogate distribution threshold) coherence values at the breathing rate. Eighty-nine percent of sites demonstrating high coherence (334/374) were located in the gray matter, 11% were in the white matter (40/374), and none were in CSF. Sites in gray matter had higher likelihood of demonstrating high coherence: 41.3% of the total sites in the gray matter (334/809) showed coherence above threshold compared with 12.6% of the total sites in the white matter (40/318) ( Fig. 3A ). Furthermore, coherence values were lower in white matter and CSF compared with gray matter ( Fig. 3B ; P Ͻ 0.001, Wilcoxon rank sum test, both comparisons). We tested for the presence of two populations of gray matter sites, one of which tracks the breathing cycle and the other that does not. Coherence values in the gray matter were well fitted by a bimodal distribution (P Ͻ 0.05, Hartigan's significance test) with two local modes at 0.12 and 0.25.
The greater likelihood of iEEG-breath coherence in gray matter and the stronger iEEG-breath coherence values observed indicate that the observed coherence in the iEEG signal is related to neuronal activity rather than artifact from nonneural signals related to breathing (Cardoso et al. 1983; Urigüen and Garcia-Zapirain, 2015) . Within the gray matter, electrodes with large coherence values (Ͼ99% percentile of the surrogate data) were distributed across a variety of areas ( Fig. 4A) , including the parietal, sensorimotor, premotor, prefrontal, cingulate, insular, and visual cortex as well as in the hippocampus, amygdala, and primary olfactory cortex. These results provide important controls and complement recent reports correlating breathing and cortical iEEG in humans (Heck DH, McAfee SS, Liu Y, Babajani-Feremi A, Rezaie R, Freeman WJ, Wheless JW, Papanicolaou AC, Ruszinko M, Kozma R, unpublished observations; Heck et al. 2017; Zelano et al. 2016) .
Local generators of respiration-locked oscillations. We next sought to examine the relationship between iEEG oscillations . Postoperative skull radiograph is from 1 subject implanted with 20 stereo-depth EEG (sEEG) electrode arrays. Of the 320 contacts implanted in this subject, 231 were analyzed for breathing-related activity because they were outside the seizure onset zone and provided artifact-free signals. Right, MRI image of the same patient, showing 2 electrode arrays with the deepest contacts (1-4) in the hippocampi (red), superficial electrodes in the superior temporal gyrus (green), and a number of intervening electrodes lying in the white matter. B: CT (left). Lateral view of head radiograph is from the 1 subject who was implanted with subdural ECoG grids and strips. Right, MRI reconstruction showing the location of the electrodes on a parcellated brain (FreeSurfer; Dale et al. 1999; Fischl et al. 1999 ). and local neuronal activity. Whereas iEEG oscillations may reflect both propagated activity and intrinsic rhythms (Kajikawa and Schroeder 2011; König et al. 1996; Łęski et al. 2013) , local broadband gamma power is thought to represent locally generated neuronal activity (Miller et al. 2007a (Miller et al. , 2012 Zhang et al. 2015) . By examining the coupling of broadband (40 -150 Hz) gamma power to the respiratory cycle, we demonstrate phase locking of broadband gamma to specific phases of the breathing cycle. A sample site is shown in Fig. 5A : an electrode touching the olfactory bulb exhibits gamma amplitude increases at specific phases of the breathing cycle. We quantified this relationship by measuring the gamma amplitude at each phase bin of the breathing cycle and calculating a modulation index (MI) (Tort et al. 2008 ; Tort AB, Ponsel S, Jessberger J, Yanovsky Y, Brankačk J, Draguhn A, unpublished observations). The distribution of the observed phases for this site is not flat (Fig. 5B) , unlike the surrogate distribu-tion, demonstrating a significant MI at specific phases of the breathing cycle (MI ϭ 0.52, post hoc Tukey's test, P ϭ 0.0005).
Across the population data ( Fig. 5C ), high MIs were observed in 138/1,137 sites (12.2%, Ͼ99th percentile of the surrogate distribution). Nearly all of these sites (136/138) also had strong iEEG-breath coherence in the analysis shown above. The two sites with coherence but no CFC were located in the hippocampus and the insula. As expected, MIs were smaller in the white matter and CSF compared with the gray matter ( Fig. 5D ; P ϭ 0.0001, Wilcoxon rank sum test), and no electrode in white matter or CSF showed a significant MI. Greater than 37% of electrodes in the insula, amygdala, hippocampus, pars orbitalis, and motor, parietal, and primary olfactory cortices showed high MIs above the threshold (Fig.  5E) . High MIs were also demonstrated across a number of other areas, including the temporal, cingulate, lingual, and 28 Hz. The iEEG shows an additional peak at 1.33 Hz. Bottom, power spectrum for an electrode in the adjacent white matter showing no such peak at the breathing rate. C, top: coherence between respiration and hippocampal signals. The coherence value at the 0.28-Hz respiratory rate (dashed green lines) was significant (coherence value ϭ 0.62, P ϭ 0.0001). Significance (magenta dash line) was evaluated by performing bootstrap analysis shuffling iEEG and breathing signals (1,000 iterations, P Ͻ 0.01). Bottom: iEEG-breath coherence from an electrode in the white matter. The coherence value at the breathing frequency (dashed green line) was not significant (coherence value ϭ 0.02, P ϭ 0.44). abs., Absolute; a.u., arbitrary units; RR, respiratory rate. Fig. 3 . A: iEEG-breath coherence in gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF). Pie chart shows the total number of electrodes (n ϭ 1,137 in 6 subjects) and the electrodes that showed iEEG-breath coherence greater than 99th percentile of the surrogate distribution derived from shifting the respiration signal with respect to the iEEG [asterisk indicates coherence Ͼ99% percentile; n ϭ 374 (32.9%), horizontal hatching]. Most of the electrodes with greater coherence were in gray matter. B: distribution of coherence values at the respiratory rate across the population of GM, WM, and CSF electrodes as a percentage of the total of each. Coherence values were larger in most electrodes located in the GM than those in WM and CSF. Values (y-axis) were smoothed (0.02 window width) before being plotted and are normalized (norm) for each area (GM, WM, or CSF) separately. Dark gray area shows coherence greater than 99th percentile (n ϭ 374). GM sites show a bimodal distribution, with one population showing higher local mode at 0.25 and the other at a mode close to that of the WM and CSF at 0.12. coh, Coherence value; 99% ile Surr Dist., Ͼ99th percentile of the surrogate distribution. occipital cortices. This gamma phase locking to breathing cycle and the specificity of the effect in the gray matter also provide further evidence of the nonartifactual nature of this measured response.
The specificity of the observed effects in gray matter (and not white matter and/or CSF) was seen across subjects. Figure  6 shows consistent iEEG-breath coherence and cross-frequency coupling across subjects. A summary of the effects localized on an inflated brain surface is shown for a representative subject (Fig. 7A ) and across the population of subjects (n ϭ 6; Fig. 7B ) localized on a common inflated surface (see MATERIALS AND METHODS) . Effects are widely distributed across brain areas.
Volitional control of breathing. One major advantage of breathing-related research with human subjects is their ability to follow simple instructions regarding their breathing. To understand the effects of volitional control of breathing on iEEG-breath coherence, we asked our subjects to breathe faster than usual and measured the respiration-locked oscillations in their iEEG signals (iEEG-breath coherence). We hypothesized that iEEG-breath coherence would increase in those areas involved in voluntary pacing of breathing. As can be seen from a representative electrode in the frontal cortex and the simultaneously recorded breathing signal (Fig. 8A ), phase locking decreases as the subject gradually transitions from an intentionally faster breathing to a more natural automatic breathing. The time-frequency coherence spectrum between these signals (Fig. 8B) shows that the frequency at which coherence is greatest, as well as the magnitude of that peak coherence, decreases as the subject breathes more slowly. Across the sample of gray matter sites (n ϭ 809; Fig. 8C) , coherence values at the breathing rate were increased during fast breath- MIs were smaller in electrodes located in the CSF and WM compared with electrodes in the GM. Only 138/1,137 (12.2%) of the electrodes showed MIs above the threshold, all located in the GM. The threshold (dark gray area) was the 99th percentile of the surrogate MI distribution derived from shifting the respiration signal with respect to the iEEG (as indicated by asterisk). The y-axis represents electrode percentages normalized with respect to each area (GM, WM, and CSF), separately. E: percentage of GM electrodes within each brain area that showed both MIs and coherence values above the threshold. Up to 40% of the electrodes that were in the amygdala, hippocampus, insula, motor, parietal, and primary olfactory cortices showed increased gamma-amplitude oscillations at specific phases of the respiratory cycle. cfc, cross-frequency coupling; coh, coherence; PAC, phase-amplitude coupling; lat., lateral; med., medial; olfact., olfactory; occipital-cal, occipital-calcarine; sup. temp, superior temporal; mid. temp, middle temporal; inf, inferior. ing compared with natural breathing (P ϭ 0.00011, Wilcoxon signed-rank test). Electrodes with significantly larger coherence (P Ͻ 0.05, those above the red line in Fig. 8C , n ϭ 234) were located in the frontal (caudal-medial, precentral, orbitofrontal, pars opercularis), insular, and superior temporal cortices and amygdala. Although these brain areas largely overlap with those showing coherence during natural breathing, the coherence is increased in magnitude during the intentionally fast breathing, particularly in precentral, lateral orbitofrontal, and insular cortices. In addition, there is recruitment of the caudal-medial frontal cortex during faster breathing, an area where activity is not coherent during natural breathing. Interoceptive attention to breathing. Previous studies have shown that directing attention to external stimuli can improve sensory processing in cortical areas (Herrero et al. 2008; Lakatos et al. 2008; Mehta et al. 2000) . However, little is known about how directing attention to internal bodily sensations, such as one's own breathing, modulates neuronal activity (Farb et al. 2013) . We trained three of the above-described subjects each to direct their attention to their own breathing. To measure the degree of interoceptive attention to breathing, we asked these subjects to count the number of breaths and report the counts after multiple consecutive 2-min periods. The accuracy of the report can be used to gauge the degree of attention and has been used to track awareness during breathing exercises of meditative practice (Levinson et al. 2014) . Across the data set of these subjects (n ϭ 355 gray matter electrodes), correctly reported intervals showed larger iEEGbreath coherence compared with incorrectly reported ones ( Fig. 9A ; P Ͻ 0.001, Wilcoxon signed-rank test). Although overall coherence values varied across subjects, the effect was consistent within each subject individually (subjects 4 and 5, P ϭ 0.0013; subject 6, P ϭ 0.014, Wilcoxon signed-rank test).
For subjects 2 and 3, a subset of electrodes showed significantly increased iEEG-breath coherence, most of which were distributed in the anterior cingulate, insular, and premotor cortices and in the hippocampus (Fig. 9, B and C) . Subject 1 showed significantly increased coherence in most electrodes, although the largest increases also occurred in the same brain areas (Fig. 9C) .
Interoceptive attention or general arousal? Typically, incorrect reports were inaccurate by two to six breaths, and subjects reported momentarily losing their breaths counts for a few seconds before becoming aware of it and returning back to the count. However, to dissociate these effects from a possible reduction in arousal, power in the alpha (8 -13 Hz) band was measured and compared between correctly and incorrectly counted trial blocks (Cantero et al. 1999; Klimesch et al. 1998 ). There were no significant differences in alpha power (Fig. 9A , inset) between correct and incorrect blocks for subjects 5 and 6 (P Ͼ 0.1, Wilcoxon signed-rank test), although a trend was observed in subject 4 (P ϭ 0.055). This subject showed larger effect size compared with the other two subjects, with 118/123 electrodes showing larger coherence during correct reports.
Although alpha power did not differ across conditions in all subjects, suggesting comparable levels of arousal, we conducted an additional experiment in two of the subjects to rule out the possibility that the effect of attention to the breath is attributable to differences in general arousal. In this task (Fig.  10A) , subjects were asked to direct their attention to a visual stimulus (e.g., exteroceptive attention, as opposed to interoceptive attention, as in attention to the breath). An example recording from an electrode located in the anterior cingulate cortex (Acc) is shown in Fig. 10B . Both subjects had electrodes implanted in the four regions of interest (subjects 7 and 8, respectively: Acc, n ϭ 3 and n ϭ 4; insula, n ϭ 12 and n ϭ 15; 6 . Electrode sampling and effects in 6 individual subjects (n ϭ total number of electrodes analyzed in each subject after electrodes were removed from the SOZ). Subject 3 was implanted with grids and strips and consequently had no electrodes in the WM or the CSF. The remaining subjects were implanted with depth (sEEG) electrodes. Each sEEG subject had electrodes implanted in the WM and the CSF. Pie charts show the percentage of electrodes with high iEEG-breath coherence (horizontal hatching; Ͼ99th percentile of surrogate distribution) and the percentage of electrodes with high iEEG-breath coherence as well as phase-gamma amplitude coupling (cross-hatching; Ͼ99th percentile). Only 2 electrodes showed high phase-amplitude coupling and low coherence (1 electrode in each of subjects 1 and 2; data not shown). coh, iEEG-breath coherence; cfc, cross-frequency coupling of iEEG-gamma amplitude to respiration phase. Asterisk indicates Ͼ99th percentile of the surrogate distribution. premotor, n ϭ 5 and n ϭ 28; and hippocampus, n ϭ 4 and n ϭ 3). They engaged in a task adapted from studies of exteroceptive attention (Leth-Steensen et al. 2000) that requires a state of continuous arousal while the iEEG-breath coherence was measured. We measured the level of arousal by testing the relationship between behavioral performance, as measured by reaction time, and iEEG-breath coherence (Fig. 10C ). If arousal were to account for the findings shown in Fig. 10 , a negative correlation would be expected in this analysis. Instead, there was a small positive correlation between these two variables in the Acc (subject 7: r ϭ 0.27, P ϭ 0.0001; subject 8, r ϭ 0.2, P ϭ 0.017) and no significant correlation in other areas.
Furthermore, iEEG-breath coherence at the respiration rate was higher during correctly reported intervals of breath counting (red lines) compared with incorrectly reported intervals (magenta) and exteroceptive attention intervals (black lines; Fig. 10B) . At the population level (n ϭ 52, Fig. 10, C and D) , correct blocks showed larger coherence compared with both incorrect and exteroceptive blocks in Acc (post hoc Tukey's test, P Ͻ 0.01 and P Ͻ 0.001, respectively), insula (P Ͻ 0.001), premotor cortex (P Ͻ 0.01), and hippocampus (P Ͻ 0.01). Importantly, comparison between exteroceptive attention task and incorrect breathing count blocks did not show a significant difference in any of the four brain areas (post hoc Tukey's test, P Ͼ 0.1 for all brain areas). Additionally, intrasubject comparisons yielded no significant difference (Fig.  10E) . These results further support the notion that the observed difference in iEEG-breath coherence between incorrectly and correctly counted trial blocks does not reflect arousal differences.
It is also unlikely that the observed interoception-dependent coherence dynamics reflect differences in breathing rate between conditions (Fig. 10F) . Overall, respiration rates changed slightly across the different experimental conditions. Whereas respiration rates in subject 7 decreased from 0.26 Hz during baseline (natural breathing) to 0.22, 0.21, and 0.22 during correct, incorrect, and exteroceptive breathing conditions, respectively (P Ͻ 0.05, Wilcoxon signed-rank test, for all comparisons), subject 8 showed an opposed pattern with increased respiration rates from 0.26 Hz during baseline to 0.29 Hz during correct, incorrect, and exteroceptive breathing conditions (P Ͻ 0.05, Wilcoxon signed-rank test, for all comparisons). Thus, in both subjects (Fig. 10C, individual subjects) , the iEEG-breath coherence change was independent of the direction of each subject's change in respiratory rate.
DISCUSSION
Whereas breathing has been traditionally thought of as an automatic process driven by the brain stem (Butler 2007; Foerster 1936; Tenney and Ou 1977) , cortical and limbic involvement in breathing is increasingly being recognized (Aleksandrov et al. 2000; Biskamp et al. 2017; Ito et al. 2014; Tsanov et al. 2014 ). In the present study, we demonstrate respiration-locked oscillations in the human brain in cortical and limbic areas more widespread than shown previously and provide further evidence for the neuronal basis of these mea- Fig. 7 . Coherence and cross-frequency coupling effects localized on inflated brain surfaces. A: representative subject's inflated brain. Electrodes with high coherence (red) as well as cross-frequency coupling (red with green outline) are displayed in 3 different brain views (lateral, ventral, and medial). Other electrodes (white) had values below the 99th percentile threshold. B: electrodes from 6 subjects registered onto a common brain surface (see MATERIALS AND METHODS). Electrodes with high coherence and cross-frequency coupling are broadly distributed across multiple brain areas. A, anterior; P, posterior. Asterisk indicates Ͼ99th percentile of the surrogate distribution. surements by demonstrating gray matter (GM) specificity and cross-frequency coupling (CFC; coupling of the respiration phase to the gamma amplitude). The relevance of higher brain circuits to respiration-locked oscillations is highlighted by their sensitivity to cognitive factors such as volitional and attentive breathing. We further demonstrate that interoceptive attention to breath increases respiration-locked oscillations particularly in the anterior cingulate cortex, an effect that is distinct from general arousal.
Synchronization of neuronal activity to the breathing cycle. Because the breathing cycle is oscillatory, observed iEEGbreath coherence may be due to cyclical nonneural artifacts, such as intracranial pressure, cerebral perfusion, PO 2 , and PCO 2 (Brenner and Schaul 1990; Cardoso et al. 1983; Urigüen and Garcia-Zapirain 2015) . However, these properties should be distributed throughout the intracranial space, with the more compliant and dynamically flowing CSF more prone to mechanical and chemical artifacts. Because depth electrodes often traverse white matter (WM) and CSF spaces as well as GM, it is possible to examine for GM specificity of the observed coherence. We demonstrated such coherence predominantly in GM (41.3%), rarely in WM (12.6%), and never in the CSF.
We also differentiate neuronal from nonneuronal signals by examining the coupling of high-frequency gamma-band activity to the phase of the observed low-frequency oscillation related to breathing. Similar to the case for coherence, GM specificity of effects supports a neuronal basis. We demonstrated phase-amplitude coupling of the breathing oscillation to the gamma band in a subset (12%) of sites (Fig. 5) , with nearly all sites (136/138) also showing strong coherence. Respiratory modulation of intrinsic gamma network oscillations could be an organizing principle of cortical excitability, in line with recent hypotheses (Heck et al. 2017 ). Sites where coherence occurs without CFC (2/138) likely reflect propagated lower frequency modulatory inputs below action potential threshold (Kajikawa and Schroeder 2011; König et al. 1996) .
Respiratory rhythm represents a fundamental and ubiquitous neuronal oscillation. Our results support and corroborate rodents studies demonstrating respiration-locked LFP and spike activity in the hippocampus (Nguyen Chi et al. 2016; Tsanov et al. 2014) , barrel (Ito et al. 2014) , and prefrontal cortices (Biskamp et al. 2017 ) and extend observations recorded from the rodent (Tort AB, Ponsel S, Jessberger J, Yanovsky Y, Brankačk J, Draguhn A, unpublished observations) and human brains (Heck DH, McAfee SS, Liu Y, Babajani-Feremi A, Rezaie R, Freeman WJ, Wheless JW, Papanicolaou AC, Ruszinko M, Kozma R, unpublished observations; Heck et al. 2017) . In rodents, respiration is tightly coupled to olfaction (Welker 1964) , as the respiration cycle strongly influences the information flow into the olfactory bulb (OB) and piriform cortex (Fontanini et al. 2003; Jiang et al. 2017; Kepecs et al. 2007 ). In the present study, we demonstrated respiration-locked oscillations in the OB, piriform cortex, and medial and lateral OFC (Fig. 5) , extending such observations from the piriform cortex to humans (Jiang et al. 2017; Zelano et al. 2016 ). Furthermore, with widespread sampling, we demonstrated respiration-locked oscillations well beyond those structures and in 41% of the GM sites sampled (Fig. 3) . Most consistent effects were recorded in the hippocampus, amygdala, insula, frontal, parietal, and primary olfactory cortices (Figs. 4 and 5E ). Simultaneous recordings from the OB and the hippocampus in the mouse (Nguyen Chi et al. 2016 ) reveal that the OB drives the hippocampal respiration-rhythm and that theta oscillations in the OB are driven . Note the larger amplitude and faster frequency in both iEEG and breathing signals during the initial hyperventilation period, as well as the stronger iEEG-breath phase locking. Right, plots show the power spectrum peaks at 1.7 Hz during hyperventilation and at 1.4 Hz during transition to natural breathing for the respiration signal (top; black lines) and the iEEG signals (middle; red lines), as well as the iEEG-breath coherence (bottom). The coherence peak at the breathing rate (green dashed lines) is smaller when the subject breathes more slowly (gray line). B: time-frequency coherence spectrum between the signals shown in A. The peak in the spectrum closely follows the respiration rate. C: iEEG-breath coherence at the respiration rate for all electrodes in the gray matter (n ϭ 809) during fast breathing (BF; vertical axis) and natural breathing (BN; horizontal axis). Coherence values were significantly increased across the population during fast breathing (P Ͻ 0.001, Wilcoxon signed-rank test by the hippocampus. In humans, breathing not only entrains higher frequency rhythms in the hippocampus, but the phase of respiration-related oscillations affects memory retrieval (Zelano et al. 2016) . Our findings of breathing-related coherence in both OB and hippocampus corroborate previous findings, further establishing the connection between olfaction and memory (Jiang et al. 2017) . Whereas in rodents, breathing is close to the theta rhythm, respiration-related oscillations have a frequency peak at~3 Hz (during natural breathing) and appear to be clearly distinct from co-occurring theta (4 -10 Hz) oscillations (Nguyen Chi et al. 2016) . Given that the human correlate to rodent hippocampal theta is slower, at 1-4 Hz (Jacobs 2014), we also observed clearly distinct respiration and hippocampal peaks (Fig. 2B) : a respiration-related oscillation with a frequency peak at 0.28 Hz (equal to the respiration rate in that subject) and a co-occurring theta peak at 1.4 Hz (similar to the hippocampal peaks recently reported in humans; Jacobs 2014). Within the hippocampus (n ϭ 30), theta peaks ranged from 1 to 3 Hz, whereas frequency of peaks related to natural breathing ranged from 0.24 to 0.37 Hz. Oscillatory activity in the EEG appears to be hierarchically organized such that amplitude of the oscillations at each characteristic frequency band (gamma, theta, etc.) is modulated by the oscillatory phase of a lower frequency oscillation (Lakatos et al. 2005) . This implies that the low-frequency oscillatory activity related to breathing can drive a broadband range of oscillatory activity in the iEEG. The influence of breathing on neuronal activity is not only spatially distributed across the brain but also is in a position to drive a broad frequency range of oscillatory phenomena, as recently suggested by a graph theoretic modeling study (Heck DH Voluntary pacing of breath. It is known that the automatic vegetative control of breathing can be superseded by higher cognitive factors (Loucks et al. 2007; McKay et al. 2002) . Such voluntary pacing of breathing is often employed in cognitive behavioral therapy and meditative/yoga techniques. When our subjects were asked to breathe faster, respiration-locked oscillations were greater in power and continued to follow the breathing frequency at the higher rate, particularly in premotor, caudal-medial frontal, orbitofrontal, and motor cortex, insula, superior temporal gyrus, and amygdala (Fig. 8 ). As subjects returned to natural breathing, respiration-locked oscillations gradually decreased in power and continued to track at a lower frequency. Previous work (Ito et al. 2014 ) showed a similar "tracking" effect, with oscillations in the mouse somatosensory cortex when breathing rate was manipulated by producing hypoxic conditions. Although we found respiration-locked oscillations in the somatosensory (parietal) cortex (Fig. 4 ), we did not observe different coherence between active and passive breathing. The somatosensory cortex involvement is supported by scalp-EEG studies where occlusion of the airways during natural breathing yields an evoked potential over this cortical area (Chan et al. 2015; Davenport et al. 1986 ). Whereas diaphragm contraction can be seen following stimulation at the vertex of the motor cortex in humans (Gandevia and Rothwell 1987; Foerster 1936) , we observed effects throughout the precentral gyrus, including areas corresponding to the face and extremities. 
iEEG-Breath coherence increases with attention iEEG Alpha power
Brain areas with strongest iEEG-Breath coherence increases with attention Fig. 9 . Attention to breathing increases iEEG-breath coherence in brain areas related to interoception. A: iEEG-breath coherence values at the respiratory rate during correctly (y-axis) and incorrectly (x-axis) reported breath-counting periods across the population of gray matter electrodes (n ϭ 338 in 3 subjects). Values were increased during correct periods in the 3 subjects collectively (P Ͻ 0.001, Wilcoxon's signed-rank test) and in each subject separately. Black line represents unity. Inset: normalized iEEG alpha power for the 2 conditions and 3 subjects averaged across electrodes sites. None of the subjects showed significant differences between correct and incorrect reports, although there was a trend in subject 4 (P ϭ 0.055) with slightly larger alpha power during incorrect reports. B: distribution of the effect across brain areas. Graph shows mean normalized differences in coherence between correctly and incorrectly reported counting periods. To normalize coherence values across subjects, the difference between correct and incorrect blocks for each subject was divided by their sum. Numbers above bars represent the total number of electrodes within the indicated area. C: coherence values in each subject and brain area (coherence correct -coherence incorrect). The strongest effect was observed in the anterior cingulate cortex, insula, premotor cortex, and hippocampus, and this pattern was consistent across subjects. Other brain areas showed smaller effects. *P Ͻ 0.05. Acc, anterior cingulate cortex. Bars indicate means, and error bars indicate SE.
Respiration-locked oscillations were also found in the amygdala, in line with previous human research Harper 1989a, 1990b) . Respiratory patterns are affected by fear/anxiety in humans, indicating involvement of higher cortical and limbic centers (Boiten 1998; Masaoka and Homma 1997; Masaoka et al. 2012) . We found stronger respirationlocked oscillations in the amygdala during voluntarily faster breathing compared with natural breathing (Fig. 8) . Fast breathing often accompanies high-anxiety states, and it is possible that voluntarily increasing the breathing rate can trigger mechanism similar to those triggered by anxiety (Homma and Masaoka 2008; Masaoka and Homma 1997) . Behavioral performance was recently shown to depend on the breathing cycle by Zelano et al. (2016) . They showed fear recognition was faster when the stimuli appeared around the inhalation peak, suggesting that oscillatory synchrony in the amygdala depends on the respiratory phase. Our study elaborates on this finding by demonstrating respiration-locked oscillations that follow an experimentally manipulated rate of breathing.
Both amygdala and insula receive projections from the nucleus tractus solitarii (NTS) and medullary cardiorespiratory centers (Gaytán and Pásaro 1998) , providing an anatomic pathway potentially subserving this link. We found strong respiration-locked oscillations in the insula, particularly during volitional breathing. The insula is involved in autonomic reg-ulation and interoception (Craig 2003a (Craig , 2009b , and neuroimaging studies show posterior insular activation during volitional breathing in humans (Evans et al. 1999; McKay et al. 2002) and rodents (Aleksandrov et al. 2000) . Our results also show volitional breathing to result in stronger respirationlocked oscillations in the premotor and olfactory cortices, in line with neuroimaging studies (Evans et al. 1999; Loucks et al. 2007) and in the caudal-medial frontal cortex, an area important for executive control (Evans et al. 1999; Šmejkal et al. 2000) and breathing during exercise (Forster et al. 2012) . Volitional breathing also resulted in stronger respirationlocked oscillations in the temporal cortex. Although this may represent breathing-related oscillations driven in sensory cortices, we cannot distinguish this mechanism from the sensory effect of the louder sound emitted during faster breathing, which may entrain the auditory cortex (Schroeder et al. 2014) .
Attention to breathing. Distinct from volitional breathing, one can concentrate on the breath itself, a technique used in cognitive behavior therapy and meditation practices (Farb et al. 2013; Levinson et al. 2014) . Involvement of frontal lobe areas during breath tracking is suggested by scalp-EEG studies (Giannakodimos et al. 1995; Milz et al. 2014) . At a more mechanistic level, we demonstrate increased iEEG-breath coherence in the anterior cingulate cortex (Acc) and premotor cortex (Figs. 9 and 10) when subjects appeared to be more aware of their breath, consistent with the role of these struc- Fig. 10 . Increased iEEG-breath coherence through attention is distinct from arousal. A: exteroceptive attention task. Subjects pressed the appropriate key to signal a luminance change. B: example electrode in the Acc: iEEG-breath coherence increases with effective interoceptive attention to the breath (breath count correct, BCc; red) but remains near natural breathing baseline (breath natural, BN; blue) when attention to the breath is not effective (breath count incorrect, BCi; magenta) or when attention is exteroceptively directed (breath exteroceptive attention, BEa; black). Small vertical lines in x-axis indicate respiratory rate. C: correlation between iEEG-breath coherence and reaction time in Acc for each subject: trials with slow reaction times showed larger iEEG-breath coherence. D: population (2 subjects) iEEG-breath coherence values for the different breathing conditions and brain areas. Values were normalized by the coherence during natural breathing for each electrode site. In all 4 areas examined, BCc was significantly higher than BCi and BEa. E: individual subjects' iEEG-breath coherence values for the different breathing conditions averaged across brain areas. F: respiration rate and amplitude in the same 2 subjects.
tures in processing moment-to-moment awareness (Farb et al. 2013; Tang et al. 2010) . Notably, the Acc did not show a high degree of respiration-locked oscillations at rest (see Figs. 4 and 5E). However, this iEEG-breath coherence changed markedly during breath-awareness ( Fig. 9, B and C) . We also found that brain areas involved in interoception, such as the insula (Craig 2003a (Craig , 2009b , had stronger respiration-locked oscillations when subjects correctly tracked their breath. The finding of increased hippocampal coherence during breath tracking is consistent with that structure's involvement in the task, which required remembering a count (Sveljo et al. 2010) . The observed stronger iEEG-breath coherence when subjects correctly tracked their breath, compared with when they did not, cannot be explained simply by changes in arousal state. First, alpha power, a proxy of arousal (Cantero et al. 1999; Klimesch et al. 1998) , did not differ between correct and incorrect breath-count blocks (Fig. 9A, inset) . Second, respiration rate changes did not impact the effect of attention on iEEG-breath coherence (Fig. 10F ): both subjects showed increases in coherence despite having different respiratory strategies (subject 7 showed reduced rate with attention to breath, whereas that for subject 8 increased). Third, when subjects participated in a task requiring sustained attention to an external stimulus (with arousal levels approximately similar to those during breath tracking; Fig. 10A ), iEEG-breath coherence did not increase from that observed during natural breathing (Fig.  10, B-E) . If anything, iEEG-breath coherence in the Acc was weakly reduced as arousal increased (subject 7: r ϭ 0.27, P ϭ 0.0001; subject 8, r ϭ 0.2, P ϭ 0.017).
In other areas, no significant effects of arousal during the exteroceptive attention task were noted. Indeed, iEEG-breath coherence in the Acc during tasks requiring exteroceptive attention may impair performance: because strong iEEG-breath coherence results in increased slow oscillatory power (particularly at the respiratory frequency, Fig. 2B ), it is tempting to speculate that it may be incompatible with concurrent increases in faster oscillatory rhythms that often support efficient performance in exteroceptive attention tasks (Başar et al. 2001) . Conversely, when attention is focused interoceptively, on the breath, as in some meditative practices (e.g., Breath Theravada), high iEEG-breath coherence could be an important neural phenomenon supporting effective breathing concentration.
Respiration rates differed across participants during correct breath counting ( Fig. 10F; subject 7 showed slower respiration rate, whereas subject 8 showed a faster rate). Importantly, both subjects show increased iEEG-breath coherence. A similar effect may occur in the volition rate experiment, suggesting that the increased coherence observed during faster breathing may be explained by the volitional aspects of respiration and not the respiration rate. Future studies using volitional pacing of breathing might explore a pacing that is slower than the spontaneous breathing rate. This would allow us to disambiguate whether the increased coherence observed in our volitional pacing experiment was due to the rate of breathing or the volitional aspects of it. In addition, important statistical efforts have been applied to CFC and coherence computations (e.g., projected CFC/coherence in the complex plane; Miller et al. 2012) , rather than the long-time resampling used in the present study), and future studies should take this approach into account.
In summary, our data support the link between respiration and brain activity, proposing respiration rhythms as an organizing principle of cortical oscillations in the human brain, as recently proposed in mice (Tort AB, Ponsel S, Jessberger J, Yanovsky Y, Brankačk J, Draguhn A, unpublished observations). Moreover, respiration rate in humans can be controlled volitionally or attended to while brain activity is measured. In implementing these conditions with concurrent monitoring of breath and intracranial EEG, we demonstrate a network of areas involved in volitional (caudal-medial frontal, premotor, orbitofrontal, and motor cortex, insula, superior temporal gyrus, and amygdala) and attentive breathing (anterior cingulum, premotor, insula, hippocampus), providing insight into potential brain mechanisms involved in therapeutic breathing exercises (Farb et al. 2013; Kemmer et al. 2015; Levinson et al. 2014) .
